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REMARKS 

In reviewing the previously filed Amendment, it was noted that clerical errors 
occurred in copying the claims. Therefore, to address some of those issues, claims 
were rewritten to avoid confusion. In other of the claims, the errors occurred in 
portions of the claims that were deleted or withdrawn from consideration. 

The undersigned is sorry for the confusion, and hopes that the above 
amendments bring the claims in line with the form in which they were originally 
presented and subsequently amended. 

No new matter was introduced by the above amendments to the specification 
and claims and thus, entry thereof is requested respectfully. 

I. In item 6, the specification was objected to because of the hyperlinks at 
page 40, lines 2 and 30. 

The specification was amended to remove the hyperlinks from page 40. 

Also, the sequence identifiers from the listing were imported into the 
specification at page 46. 

Hence, the objection can be withdrawn. 

II. As to the drawing issue raised in item 7, complying formal drawings 
addressing the issues raised in the Form PTO 948 dated 3 March 2003 were filed 
17 February 2004. 
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III. Regarding item 8, the claims now are in a format acceptable under 
U.S. practice and thus, the objection can be removed. 

IV. As to item 9, while "s" is considered phonetically to have a vowel 
sound, claims 27 and 63, as well as claims 96 and 97, were amended as requested 
by the Examiner. Thus, the objection can be removed. 

V. As to item 10, claim 18 has been re-presented as an independent 
claim. Thus, the objection can be withdrawn. 

VI. Regarding item 1 1 , while viewed unnecessary, because equivalent, 
claim 19 was amended as requested by the Examiner. Accordingly, the objection 
can be removed. 

VII. In reference to item 12, the claims were amended to address the 
formality raised by the Examiner. Hence, withdrawal of the objection is in order. 

VIII. In item 14, claims 18-35, 37, 39-52, 56-66 and 70-97 were rejected 
under 35 U.S.C. §112, first paragraph as allegedly being non-enabled. 

The basic reasoning offered by the Examiner focuses on scope, as suggested 
by the use of the term "any" to characterize the various elements recited in the 
claims. 
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The rejection is traversed for the following reasons. 

The heart of the instant invention relates to antibodies that specifically bind to 
the extracellular domain of the human zeta chain. The instant specification teaches 
a reproducible method that enabled for the first time, antibodies that specifically bind 
to the 1 1 amino acid extracellular domain of zeta on human cells. The instant 
specification teaches various known uses of antibodies to exploit the unique and 
inventive antibodies. 

Each antibody, fragment or derivative thereof contains a variable region 
wherein at least one CDR is defined by sequence and/or function (i.e., the scope is 
not any and all antibodies but only those that bind to the extracellular domain of 
human zeta). That functional molecules selective for antigen can comprise isolated 
variable regions of immunoglobulins (i.e., may possess only single CDRs) may be 
seen, for example, in Laune et al., J Biol Chem (1997) 272(49):30937-30944, of 
record, and Feng et al., JBC (1998) 273(10)5625-5630), copies attached hereto for 
the convenience of the Examiner. 

The specification teaches a reproducible method for making the antibodies of 
interest and contains examples illustrating various antibody constructs, including 
cloning of variable regions, identification of CDRs and expression of fragments (e.g., 
expression of Fab fragments, see Example 6) in a variety of known contexts, such as 
bispecific antibodies. 

The antibody art is well known, the ways to manipulate and to use antibodies 
are known, and the portions of the claimed invention, outside of the antibodies of 
interest, are known. Thus, many of the points raised by the Examiner are non- 
issues. The instant application clearly teaches how to make the particular antibodies 
of interest. 
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The amount of experimentation required in view of the disclosure is routine 
(i.e., all of the methods needed to practice the invention are well known and the level 
of skill in the art at the time the application was filed is one which is ordinary). 

Regarding "different molecules", "different cells", "second specificities", "intact 
cell", "molecules on cells" and so on, for example, for bi-specific antibodies, the 
identification of secondary cells, secondary molecules or secondary targets (primary 
target being the human zeta-chain) are elements within the skill of the artisan. Thus, 
an artisan would opt for using known targeting molecules for the second specificity of 
a bispecific molecule of interest. These issues relate but to a design choice. 

Regarding claims 39, 45 and 46 that the Examiner believed are broader than 
the disclosure, the 1 1 amino acid extracellular domain of human zeta chain is the 
particular determinant of interest, for that is what is bound by the antibodies of 
interest. The instant specification teaches reproducible, enabled methods for making 
such antibodies, heretofore an unachievable goal. The antibodies of interest bind to 
the determinant on intact cells, rather than on isolated zeta chain, as had been 
achieved in the art. 

A derivative of interest can be one that has at least one CDR of interest that 
confers specificity of the polypeptide containing same for the zeta extracellular 
domain. As known in the art, manipulation of the framework or sections flanking the 
CDR can be substantial so long as the at least one CDR is enabled to bind to the 
extracellular domain of the human zeta chain. 

Regarding the "open" language and the 11 amino acid peptide. It is known 

that undecapeptides per se are not immunogenic. The art recognizes haptens can 

be conjugated to carrier molecules and can be immunogenic. Thus, it is of no 

moment as to what may be added to the 1 1 -residue molecule, the goal is to obtain 

antibodies that specifically bind to the 1 1 -residue molecule on intact cells, which has 
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been achieved in the instant invention. 

The instant specification provides a thorough teaching of how to test 
antibodies to determine if they are specific for the extracellular domain of the human 
zeta chain as recited in the claims. Moreover, there are a number of known assays 
that can be used to determine the requisite specificity of an antibody of interest. 

Within the ambit of the invention of interest are the various uses of the 
antibodies of interest. Such uses and the materials to enable those uses are known 
in the art or are design choices of the artisan practicing the instant invention. 

For example, one of the uses of an antibody of interest is prophylactic 
administration. As with any other drug, an antibody can be given to prevent 
pathological states expected to occur. For example, when contemplating a bispecific 
receptor, the artisan will select a molecule known to bind to the second specificity 
selected for the pathological state of interest. Thus, the issue is not one of 
enablement because the artisan will choose a molecule of known function. 

Thus, the proper inquiry of enablement is directed to antibodies to the 
extracellular domain on human zeta, and that inquiry will reveal that the instant 
specification and claims are enabled fully. Many other aspects of the claimed 
invention relate to uses of the antibodies of interest, and many of those are known in 
the art. Thus, a prima facie case of non-enablement has not been made and the 
rejection should be removed. 

IX. Claims 18-35, 37, 39-52, 56-66 and 70-97 also were rejected under 
35 U.S.C. §112, first paragraph as allegedly lacking written description. 

The rejection is traversed for the following reasons. 
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Again, the basic reasoning offered by the Examiner focuses on scope, as 
suggested by the use of the term "any" to characterize the claim elements in the 
"alleged" showing to support the position advanced by the Examiner. . 

The instant specification explicitly describes making the particular antibodies 
of interest, and the uses thereof, many of which are known in the art, relying on 
materials known in the art. An artisan will recognize that for the first time, an 
antibody to the extracellular domain of human zeta on cells was made. The 
specification provides details of methods for making an antibody of interest, such as 
that set forth in claim 39. An exemplified antibody was tested, cloned and 
sequenced, as well as manipulated to obtain fragments and derivatives thereof that 
bind to the extracellular domain of the human zeta chain. 

An artisan would well recognize that applicant was in full possession of the 
claimed invention at the time the application was filed. That inescapable conclusion 
derives from the instant specification and the state of the art. The instant 
specification provides an enabled and reproducible teaching of how to make and 
how to use an antibody of interest. That one antibody is exemplified is no indication 
that the making of an antibody of interest is not described adequately. 

The standard for the written description requirement is whether an artisan 
would recognize possession of the claimed invention by the inventor when the 
application describing same was filed. Applicant will be providing very soon a 
Declaration of one or ordinary skill in the art that will speak to that standard. 

Moreover, there is no evidence presented that an artisan would not recognize 
that applicant has developed a way to make antibody to the extracellular domain of 
human zeta, and how to use same. 

The claims would put in possession of the public what the Applicant claims as 
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the invention, thereby satisfying the statutory requirements of patentability. 

For these reasons, it is believed a prima facie case of inadequate written 
description has not been made and the rejection should be removed. 

X. Claims 23, 26, 29, 31 , 34, 35, 40-44 and 48-51 were rejected under 
35 U.S.C. §112, second paragraph for allegedly being indefinite. 

The rejection is traversed for the following reasons. 

To advance prosecution, claim 23 was amended to recite cell surface 
molecules other than zeta on a second intact cell. 

As to claim 29, the second specificity is one selected by the artisan using any 
selected binding partner in the context of a bispecific molecule, wherein one 
specificity is to the human zeta extracellular domain. The second specificity is within 
the skill of the artisan using known materials and methods, as a design choice. 

The skilled artisan would know the metes and bounds of a claim term and the 
claims per se. Thus, the rejection can be removed. 

CONCLUSION 

Applicant submits that the pending claims are in condition for allowance. 
Reexamination, reconsideration, withdrawal of the objections and rejections, and 
early indication of allowance are requested respectfully. If any questions remain, the 
Examiner is urged to contact the undersigned at the local exchange noted below. 
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If any fees are found to be applicable, please charge any additional fees or 
make any credits to Deposit Account No. 07-1896. 



Gray Gary Ware & Freidenrich llp 
1625 Massachusetts Avenue, N.W. 
Suite 300 

Washington, D.C. 20036-2247 
Telephone: (202) 238-7731 
Facsimile: (202) 238-7701 

Date: July 16, 2004 




pean H. Nakamura 
Registration No. 33,981 
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REPLACEMENT PAGE 

40 

nucleotide information was received from the Genebank database 
(http://www.ncb i .n l m.n i h.gov/htb i n - post/Entr e z/) for the kappa chain: Shepard and 
Gutman, Accession No. J02574 and for the mu chain: Parker, K.E., Accession No. 
X68312. The first strand of cDNA was then poly-G tailed using terminal transferase 
(Pharmacia, Freiburg) according to standard protocol. The tailed cDNA was PCR- 
amplified using a sense primer containing a poly-C stretch, based on the anchor 
primer sequence published by Gilliland, L. K. et al., (Tissue Antigens 47, 1-20, 1996) 
and designated 5'-AncTail (CGTCGATGAGCTCTAGAATTCCCCCCCCCCCCCD). This 
anchor primer was combined with an antisense primer, specific for the nucleotide 
sequence encoding the C-temiinus of the kappa light chain constant region or that of 
the IgM-CHI heavy chain domain, respectively. The primers were designated 3'ratck 
(GCGCCGTCTAGAATTAACACTCATTCCTGTTGAA) and 3 'ratcmu 

(ATTGGGACTAGTCTCAACGACAGCTGGAAT). The PGR was carried out as follows: 
Primary denaturation: 94X for 4 min.; 30 cycles of amplification: 93°C for 30 sec; 
55°C for 30 sec; 72°C for 30 sec; terminal elongation: 72°C for 3 min. Each of these 
primers contains a restriction enzyme cleavage site (5'-AncTail: EcoR\\ 3'ratck: Xbal; 
3'ratcmu: Spel) which allows cloning of the corresponding PCR-fragments into a 
plasmid vector digested with EcoR\/Xba\ or EcoRllSpel, respectively; for this purpose 
the bluescript KS+ plasmid vector (Genebank Accession No X52327) was used, since 
it also allows easy sequence analysis of the resulting inserts by using common 
sequencing primers. Due to an internal Spel cleavage site within the variable region 
of the heavy chain (VH) partial digestion followed by cloning of the full length fragment 
was necessary to obtain the complete sequence infomnation of the VH-domain. Partial 
digestion was candied out according to standard protocols (Sambrook, Cold Spring Harbour 
Laboratory Press 1989, second edition). Several clones of heavy and light chain fragments 
proved to have identical sequences, respectively, and could be identified to encode either 
functional VL- orVH-regions (see Figure 6 and 7). 

The mature N-temiinus of both variable chains was identified by comparing their 
sequences with those found in Genebank database 

(http://www.ncb i .n l m.n i h.gov/htbin post/Entr e z/) and subsequently a second set of 
PCR-primers was designed to introduce appropriate restriction enzyme cleavage 
sites in frame with the coding sequences of the 2-B-5 Fab-antibody fragment and with 
regard to the requirements for subcloning into a bacterial expression vector. The two 
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Peptides or small molecules that can block the inter- 
action of the integrin Mac-1 with its receptor, intercel- 
lular adhesion molecule-1 (ICAM-1), have not previously 
been developed. We studied this interaction by meas- 
uring the adherence of ICAM-l-ezpressing Chinese ham- 
ster ovary (CHO) cells to immobilized, purified Mac-1. 
Nucleotide sequence information was obtained for the 
complementarity determining regions (CDRs) of three 
antibodies (44aacb, MY904, and 118.1) shown to block 
Mac-1 -mediated cell adherence. Peptides were synthe- 
sized based on the predicted amino acid sequences of 
the CDRs and tested for the ability to block cell adhesion 
to Mac-1. Peptides derived from CDRl of 44aacb, CDR2 
of 118,1, and CDRs 1 and 3 of MY904 heavy chains were 
found to possess blocking activity at 10-100 fM, This 
may indicate that one or two CDRs contribute dispro- 
portionately to the antibody binding affinity. The bind- 
ing of ligands to Mac-1 has been shown to require a 
region of the a-chain known as the I- or A-domain. We 
have recombinantly produced Mac-1 I-domain, and 
show that it is also capable of supporting the adherence 
of ICAM-l-expressing CHO cells. The adherence of 
ICAM-l-CHO cells to the I-domain is inhibited by 44aacb 
and 118.1 and by the CDR peptides from 44aacb and 
118.1. By using phage display of peptide libraries based 
on the 118.1 CDR peptide with five residues randomized, 
we were able to identify a novel peptide inhibitor of 
Mac-1 with substitutions at all five positions. These pep- 
tides provide lead structures for development of Mac-1 
antagonists.^ 



The extravasation of white blood cells to sites of inflamma- 
tion and the phagocytosis of opsinized microorganisms by these 
cells is clearly crucial to host defense. However, the moxmting 
of an inappropriately large mobilization of phagocytic cells is 
thought to contribute to organ damage in sepsis, in adult res- 
piratory distress syndrome, and following reperfiision of ische- 
mic tissue (1, 2). Activated neutrophils are recruited into tis- 
sues or are sequestered in the microcirculation of the lung and 
liver; in either case tissue is damaged upon their dcgranulation 
and release of enzymes and activated oxygen species. Interrup- 
tion of neutrophil extravasation or oxidative burst may be an 
effective means of damage control in these situations. 

Mac-1 is a cell surface glycoprotein contributing to several 



♦ This work was supported by Scios, Inc. The costs of publication of 
this article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked "advertisement" in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

i To whom correspondence should be addressed: Scios Inc., 820 West 
Maude Ave., Sunnyvale. CA 94086. E-mail: Endemann@aol.com. 



myeloid cell functions including adherence to and transmigra- 
tion across the endothelium, binding and phagocytosis of 
opsinized particles, and the oxidative burst (3-5). It is a het- 
erodimer of two transmembrane proteins, CD! lb (a^,) and 
CD18 O2), the latter also being part of the related integrins 
LFA-1. pl5(V95. and aufe- Tb® ma^or adhesion partner for 
Mac-1 is ICAM-1^ (6), which is a member of the Ig supergene 
family and contains five extracellular Ig domains of the 02 
type, characteristic of Fc receptors and proteins involved in cell 
adhesion (7). However, the complexity of the functions involv- 
ing Mac-1 results in part from the fact that an array of ligands 
besides lCAM-1 is also recognized by this molecule, including 
iC3b» fibrinogen, and factor X (3). 

The precise residues of Mac-1 and ICAM-1 mediating their 
interaction are not known, although the domains responsible 
have been elucidated. Ig domain 3 of ICAM-1 has clearly been 
unplicated in binding to Mac-1, whereas domain 1 mediates 
binding to the related adhesion molecule, LFA-1 (8). GDI lb 
contains a 200-amino acid "inserted domain" or *1 domain," so 
called due to its presence only in the other integrins and in 
the VLA al and a2 subunits and its absence in most other 
integrins. Antibodies to this domain can block ICAM-1 binding, 
as well as that of iC3b and fibrinogen (3). Mutations within the 
I-domain of Mac-1 have been shown to prevent binding of 
ICAM-1 and iC3b (9-11); The Mac-1 I-domain has been ex- 
pressed recombinantly, and there are some data suggesting 
that it interacts with fibrinogen, iC3b, and soluble ICAM-1 (4, 
12). Whether the I-domain can support the adherence of ICAM- 
i-expressing cells independent of other domains of Mac-1 has 
not 'beisn previously demonstrated. 

The lack of information on the precise sequences within 
ICAM-1 and Mac-1 that interact has precluded modeling of 
small molecule inhibitors. One approach to overcoming this 
problem that has proven successfVid in other cases has been to 
use CDR sequences from antibodies directed at the active site 
as lead structures. Antibodies useful in this regard have been 
either developed as anti-idiotypic to the ligand (13) or simply 
chosen by virtue of their ligand blocking activity (14). As well 
as providing lead inhibitors, in some cases CDRs have shared 
sequence similarity with a portion of the known Ugand. impli- 
cating that sequence in receptor binding (14-16). 

We have produced the Mac-1 I-domain recombinantly and 
show that it supports the adherence of lCAM-1-expressing 



* The abbreviations used are: ICAM-1, intercellular adhesion mole- 
cule-1; CDR. complementarity-determining region; HBSS, Hanks' buff- 
ered salt solution; HBSS-t- + , HBSS with calcium and magnesium; HC. 
heavy chain; PBS; phosphate-buffered saline; CHO, Chinese hamster 
ovary; PGR, polymerase chain reaction; HPLC, high pressure liquid 
chromatography; HSA» human serum albumin. 
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celLs. Several antibodies that block the adherence of ICAM-1 to 
both Mac-1 and to the I-domain have been sequenced to allow 
dctennination of CDR structures. Peptides based on these CDR 
structures are shown to block the adherence of ICAM-1 to both 
Mac-1 and the 1-domain. 

MATERIALS A>rD METHODS 

Purification of Afcc-/— Peripheral blood leuko<?ytes were purified 
from -Buffy coats" (Stanford Medical School Blood Center. Stanford, 
CA). Buffy coaU were dUutod 1:1 with HESS and layered on Histopaquo 
(Sigma) gradiente as described (17). Both mononuclear and polymor- 
phonuclear cell layers were collected, and red blood cells were lysed one 
or two times as necessary. Mac-1 was purified from lysatos of the 
remaining leukocytes by immunoaflinity chromatography essentially 
as described by Diamond et ai. (6) and purity assessed using SDS- 
polyocrylomide gel electrophoresis (see Fig. LA). 

Construction of Mac-} I-domain— The construction of the 1-domain 
was based on a plasmid construct reported by Michishita eial. (11). The 
I-domain of human Mac- 1 firom the glycine residue at position 111 to the 
alanine at position 318 was generated using synthetic oligonucleotides 
and PGR. Eight overlapping oligonucleotides were synthesized and 
combined in a stepwise PGR procedure to generate the final 603-base 
pair fragment. The 5'-most oligo included a BamKl site present notu* 
rally in the Mac-1 gene sequence, whereas the 3 '-most oligo included an 
added EcoRl site. The internal EcoRl site in this I-donoain region was 
eliminated via a single base change from A to T at the third position in 
the glutamate codon at position 179 (a silent mutation). Each pair of 
oligonucleotides sharing partial complomontarity was annealed and 
subjected to PGR (3' at 94 'C. followed by 10 cycles of 1' at 94 "C. 2' at 
55 'C, and 3' at 72 'C) using 250 fiM dNTPs and VENT polymerase 
(New England Biolabs, Beverly, MA). The PGR products were then 
mixed, melted for 3' at 94 and subjected to PGR as described above. 
After assembly of all of the oligos. the resulting BomHI-£coBI fragment 
was cloned into the pGEX-2T (Pharmacia Biotech Inc.) vector at the 
fiom HI and EcoKi sites, resulting in an in-frame fusion with an N- 
torminal domain encoding glutathione S- transferase. 

Purification of Recombinant I-domain — The glutathione S-transfer- 
ase-I -domain fusion protein was expressed in Escherichia coli cells 
(strain JMIOU. Overnight cultures of E. coli JMlOl were diluted 1:10 
with L broth medium containing ampicillin and grown for 1 h at 37 'C. 
IsopTOpyl'/J-n-thiogalactosidc ( 1 mM) was added to induce expression of 
the fusion protein, and after 3 h of growth, bacteria were pelleted and 
frozen at -80 "C. Pellets derived from a 1-liter culture were then 
thawed and rcsuspended in 18 ml of cold PBS. pH 7.4. phenylmethyl- 
sulfonyl fluoride was added at 1 mM, and the samples were disrupted on 
ice at 10,000 p.s.i. in a French Press (SLM Instruments, Inc., Rochester. 
NY). 20% Triton X-lOO was then added to a final concentration of 1%, 
and the lysate was incubated on ice for 30 rain witli occasional rocking. 
After centrifugation at 12,000 x g for 10 min. the supernatant was 
incubated with glutathione-Sepharose 4B (1.5 ml, Pharmacia) for 1 h at 
room temperature. The beads were then washed once in PBS plus 0.35 
,M NoCl and washed four times with PBS and were resuspended in 5 ml 
of PBS. 200 units of human thrombin (Enzyme Research Laboratories, 
South Bend, IN) was added to cleave the I-domain from tho fusion 
protein, and the mixture was incubated for 2 h at room temperature. 
NaCl and MgCL^ were added to the cleaved soluble recombinant I-do- 
main at final concentrations of 0.36 M and 1 mw, respectively, and the 
samples were then passed through a 700-;*1 bcniamidine-Sepharose 6B 
(Pharmacia) column to remove the thrombin. Tho flow-through was 
assayed for thrombin activity using Chromozym TH (Boehringer Mann- 
heim, Indianapolis, FN) as a substrate, and the clearance was greater 
than 150-fold, Protein concentration was determined using the Bio-Rod 
protein assay (Bio-Rad). Typical yields of the recombinant I-domain 
were 3-5 mj^liter bacterial culture. 

Mass Spectromelric Analysis of /-rfomo in— Electrospray ionization 
was performed on a Finnigan SSQ 7000 mass spectrometer (San Jose, 
CA) in the positive ion mode. Liquid chromotography/mass spectros- 
copy was performed using a capillary reversed phase column with a flow 
rate into the mass spectrometer of 5 fil/min. To mop tryptic peptides, 
electrophoresis of I-domoin protein was carried out in 12% polyacryl- 
amide followed by transfer to Immobilon (70 V. 60 min; Ret 18). In situ 
tryptic digestion was carried out according to the method of Wong c/ at. 
(19). Gapillary HPLC was performed using a Valco tee to split the 200 
fiUmm flow from an HP 1090 HPLG PV5, driving the capillary system 
(Vydoc C18 0.32 x 250-mm column, maintained at 40 'C, Microtech 
Inc.. Sunn>'vale, CA) at 5 p-l/min. The gradient was as follows: 0 min, 
100% A (0.1^ trifluoroacctic acid in HaO); 40 min. 30% B (0.09% 



trifluoroaceticacid in acetonitrile); 50 min, 60% B; 51 min. 0%B; 72 min, 
0%B, 

Adhesvnce Assays^THe adherence of human neutrophils to wells 
coated with human senim was carried out exactly as described previ- 
ously (17). CHO cells were stab^ transfected with an expression vector 
encoding haman ICAM-1 (20). and their adherence was assessed as 
follows. ICAM-l-CHO cells were grown in RPMI 1640 with 10% fetal 
bovine serum and used at 80% confluence. Cells were loaded with 
calcein-acetoxymethyl eater (Molecular Probes, Eugene. OR) at 6 /xM in 
HBSS++ for 30 min at 37 'C. The cells were then detached from the 
flask with PBS containing 5 mM EDTA (16 min. 37 'O, washed in 
HBSS+-*- containing 0.1% HSA (Sigma), and resuspended in HBSS+ 
containing 0.5% HSA at 2 x 10*/mL 96-well plates were coated with 
purified Mac-1 or 1-domain in HBSS+ + (60 /xl/well) for 2 h at 37 "G. In 
the case of Mac-1, ^^xitylglucoside at a final concentration of 0.15% was 
present in the coating solution. For each lot of Mnc-l, the optimal 
protein concentration for coating the wells (5-13 Mg^ml) was determined 
as that which best supported tho adherence of ICAM-1*CH0 cells but 
not of vector-CHO cells. Wells were washed twice with HBSS-t-+ con- 
taining 0.1% HSA and blocked with HBSS+ + supplomontcd with 0.5% 
HSA for 30 min at 37 *C. Test compounds were preincubated in blocked 
wells for 15 min at 37 •C in 50 and then 50 fxi of cells were added for 
an additional 60-min incubation. Nonadherent colls were removed by 
gently inverting plates and blotting on paper towels. Wells were washed 
twice with HBSS++ containing 0.1% HSA. Adherent cells were quan- 
titated in a 96-well fluorescence plate reader (IDEXX Labs, Westbrook, 
ME). HSA lots were tested in this assay to find those that gave a 
minimal background adherence and a maximal adherence to Mac-1. All 
incubations in HBSS++ were carried out without GO^. 

Monoclonal Art/»6odtes— Hybridoma colls producing the anti-Mac- 1 
monoclonal antibodies LM2/1 (murine IgGl). 44aacb (murine lgG2a k) 
and My904 (murine IgGl k) were from ATCC (21, 22). The hybridoma 
cell line secreting mAb 118.1 (murine IgGlK) was generated from a 
Balb/C mouse immunized according to Diamond et aL (3). Spleen cells 
were muted in a 5:1 ratio with FOX-NY murine myeloma cells (ATCC 
1732 CRL) and fused by slow addition of polyethylene glycol 1500 (0.5 
ml/10^ cells. Boehringer Mannheim). After 1 min at 37 'C. the cell 
suspension was slowly diluted in RPMI. centrtfuged at 200 x ^ for 7 
min, and rcsuspended in selection medium (RPMI 1640, 20% fetal 
bovine serum, Pen/Strop, AAT media supplement (Sigma), and STM 
Mitogen (RIBl ImmunoChem Research Inc.)). Afler 9 days of growth in 
96- well culture platos, the hybridoma supematants were screened for 
antibodies binding to purified Mac-1 in an enzyme-linked immunosor- 
bent assay adapted from Diamond and Springer (23). Serum-free con- 
ditioned media from the hybridoma lines were harvested from confluent 
roller bottles, and antibodies were purified by protein A chromatogra- 
phy using PROSEP-A affinity resin (BioProcessing. Ltd.) following the 
manufacturer's suggested protocol. 

Cloning and Sequencing of the Variable Regions of44aacb, MY904, 
and /J&l— mRNA was isolated from 44aacb. MY904. and 118.1 hybri- 
doma cells (LO* cells each, grown in RPMI 1640. 10% fetal bovine serum, 
10 mM HEPES) using the Mini RiboSop*^ mRNA Isolation Kit (Bocton 
Dickinson, Bedford, MA). Following first strand cDNA synthesis using 
a cDNA synthesis kit (Amersham Corp.). V„ and V^. regions were 
amplified (Vent DNA polymerase, New England Biolabs, Beverly. MA) 
using the following primers: regions, upstream primer 5'-GCA- 
GAATTCSARGTSCARTTRCARCA and downstream primer 5'-GGA- 
GAATTCGGGGCCAGTGGATAGAC; regions, downstream primer 
5'-GCAGAATrCGGTGGGAAGATGGATACAGTT coupled to upstream 
primers S'-GCAGAATTGACMGARTCHCCAGTNAT (44aacb), 5'-GCA- 
GAATTCGAYATYGTBCTGACNCA (MY904), or S'-GCAGAATTCGAY- 
GTBGTKATGACMCA (118.1) (S - C or G; R « A or G; M = A or C; Y = 
C or T; K = G or T; H = A. C, or T; B = C, G, or T; and N = A. C, T, or 
G). The sequences of the downstream primers were based on the con- 
served nucleotide sequences of the S'-cnds of the constant regions of the 
heavy and light chains. The upstream primers were designed from 
either the experimenully determined N-terminal amino acid sequences 
of the three antibodies or deduced N-terminol "consensus" amino acid 
sequences of murine immunoglobulin variable regions from GenBank<e*. 
Tho mouso codon usage was also considcrod when dcgcncrato primers 
were designed. An EcoRl site was introduced at the 5*-end of all the 
primers to facilitate cloning. PGR was performed for 30 cycles of 1 min 
at 94 'C, 1 min at 65 'C, and 1 min at 72 *C, and bands were rcsolvctl 
by electrophoresis in a 1% agarose gel. 

The correctly sized PGR products were digested with EcoKl, gel- 
purified, and ligated into£:coRI-digBBted pUG9 vector DNA. The ligated 
DNA was then transformed into £. coli JMlOl by electroporation. and 
clones were selected on LB plates containing ampicillin. For each V„ or 
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Fig. 1. Characterization of purified Mac-1 and I-domain. Puri- 
fied Mac-1 (A) or Mac-1 I-domain CB) were subjected to SDS-polyacryl- 
amide gel electrophoresis using 8 and 16% acrylamide, respectively. 
Prestained proteins used as standards were from Betbesda Research 
Technologies. Inc. (Gaithersburg, MD). Gels were stained with Com- 
massie Brilliant Blue. ^ 

Vl region, three or four positive clones were picked. DNA was prepared 
using the Wizard miniprep system (Proroega. Madison, WI). and the 
PGR product carried in the plasraid DNA was sequenced. 

Construction of Phage Libraries— Tvro peptide libraries were con- 
structed in which the library inserts were directly linked to the N 
terminus of the C-terminal domain of M13 gene III as described (24). 
The GYXnXYXGXIXYN and GXIXPXSOCGXTYN ia»raries were pre- 
pared using synthetic oligonucleotides containing core sequences GGA 
TAT NNS GAT NNS TAG NNS GGT NNS ATT NNS TAG AAC and 
GGA NNS ATT NNS CCT NNS TAT NNS GGT NNS ACG TAG AAC, 
respectively. The nucleotides were made double-stranded by extension 
with Klenow polymerase (New England Biolabs) from a 6' primer. The 
resulting products were gel purified using MERmaid spin kit (BiolOl 
Inc., Vista, CA) and inserted into the Bs/EII and BamHl sites of the 
phagemid vector pAL53.^ The library-containing vectors were then 
transfected into E. coU ToplOF' cells using 10-12 electroporations. The 
yields of the two primary libraries were 0.5-1 x 10'. 

Panning of Phage Libraries— Libraries were packaged into phage 
particles by infection of the transfected E. coli ToplOF' library with 
M13K07 helper phage, resulting in expression of less than one copy of 
the peptide-gene III protein per phage (24). Phage expressing Mac-1 
binding peptides were selected by panning on 96-well enzyme-linked 
immunosorbent assay plates (Coming) coated with Mac-1 (0.5 ^lg^vell 
in HBSS+ + containing 0.15% ^^tylglucoside for 2 h at 37 ^G). After 
the wells were washed and blocked with IIBSS++ supplemented with 
0.5% HSA, 10 ill of partially purified phage (-5 x 10" cfu) was added 
to the wells in a total volume of 100 of the same buffer and incubated 
at 37 "C for 2 h while shaking. The unbound phage particles were then 
removed by washing with 100 ti\ of HBSS++/0.05% Tween six times 
quickly on ice. Bound phage were eluted with 200 ^ of 100 mM citrate 
buffer. pH 3.0/0.1% Tween for 30 min at room temperature with shak- 
ing and neutralited with 25 pi of 1 M Tris base. The wells were then 
washed three times with 100 ii\ of PBS. and eluates and washes were 
combined. The cluted phage were titered and amplified and carried 
through three more rounds of enrichment by panning on Mac-I. The 
stringency of the PBS wash conditions was increased in successive 
rounds as follows: nine quick washes at room temperature in round 2, 
followed by two additional washes for 10 min each with shaking in 
round 3 and three washes for 10 min each with shaking in round 4. 
Phage were randomly selected for sequencing after round 4. 

RESULTS 

Production of Recombinant Mac-1 /-domain— Purified Mac-1 
has been shown lo support the adherence of ICAM-l-express- 
ing L-cells (6). To determine whether the I-domain of Mac-1 
could similarly support the adherence of cells expressing 
ICAM-1, this domain was expressed recombinantly in E. coli. 
Analysis of the purified protein by SDS-polyacrylamide gel 
electrophoresis showed a m^jor band migrating as expected 
and in some cases a minor band with slightly slower migration 
(Fig. IB). Analysis of the purified protein by mass spectrometry 

* D. L. Damm, B. L. Garrick. IC McFadden, D. D. Usikar. A. B. 
Lucas, and R. T. White, manuscript in preparation. 
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Fig. 2. Characterization of adherence assays based on puri* 
6ed Mac-1 or Mac-1 1-donuun. The I-domain <A and B) or Mac-l iB) 
was plated at the indicated concentrations, and the adherence of cal* 
cein-loaded ICAM-l-CHO cells or vector-CHO cells was quantitated as 
described under "Materials and Methods " Where indicated, plates were 
preincubated for 15 min with 10 Mg'ml of the blocking Mac-1 antibody, 
44a acb. In some cases, cells were preincubated for 15 min with the 
anti-ICAM-1 antibody, WS02025. These data are the means of duplicate 
determinations {± individual values) and are representative of numer- 
ous experiments. 

showed a m£gor peak of 24,103 Da, in agreement with the 
molecular mass predicted for this construct. Also revealed was 
a minor peak of 25,102 Da, present at approximately 10-20% 
the level of the major peak in different preparations. To deter- 
mine the source of the additional 1000 Da, the proteins in the 
I-domain preparation were separated by SDS-polyacrylamide 
gel electrophoresis and subjected to both N-terminal sequence 
analysis and tiTptic peptide mapping. Both the 24- and 25-kDa 
proteins had the expected N-terminal sequence of GSNLRQQP. 
The 24- and 25-kDa bands showed a similar tryptic map pat- 
tern with the exception of the C-terminal peptide (IFANSS; 
mass. 638 Da), which disappeared from the digest of the 25- 
kDa band. A new peptide (mass, 1634 Da) was evident in the 
map of the 26-kDa protein. The mass of the new peptide was 
997 Da larger than the predicted C-terminal peptide, similar to 
the mass difference observed in the intact molecules, and thus 
we conclude that the added mass is contained at the C termi- 
nus. The 1634-Da peptide could be accounted for by translation 
of the usual stop oodon in the pGEX-2T expression vector as a 
tryptophan residue, translation of 10 additional vector residues 
prior to the next stop codon, and proteolytic trimming of three 
C-terminal vector residues, resulting in the tryptic peptide 
IFANSSWLTDDLPR 

Adherence Assays Based on Purified Mac-1 or the Mac-1 
/-domain— Purified recombinant I-domain was tested for the 
ability to support the adherence of ICAM-l-CHO cells. As 
shown in Fig. 2A, the I-domain did support the adherence of 
ICAM-l-CHO cells, in a concentration-dependent manner. For 
this particular lot of I-domain, 10-30 ^ig/ml in the solution 
used to coat the wells resulted in good adherence of ICAM-l- 
CHO cells and low background adherence of vector-transfected 
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Fig. 3. Inhibition of ICAM-l-CHO cell adherence to Mac-1 or 
Mac-I I-domain by anti-Mac-1 antibodies. Mac-1 (A) or the I-do- 
matn (fi) was preincubated with the indicated antibodies for 15 min 
prior to addition of ICAM-l-CHO cells. These data are the means of 
duplicate determinations ( ± individual values) (A) or the means ± S.E. 
of triplicate (B) determinations and are representative of over four 
experiments. 

CHO cells. The adherence of ICAM-l-CHO cells was blocked by 
the anti-Mac-1 antibody 44aacb. However, at high levels of 
I-domain, vector-transfected CHO cells were also adherent, 
and this adherence was blocked by 44aacb. These results indi- 
cate that the I-domain of Mac-1 interacts not only with ICAM-1 
but also with an unknown receptor on CHO cells. This inter- 
action with a CHO cell receptor is not unique to the recombi- 
nant I-domain, because vector-CHO cells also adhered to high 
levels of purified Mac-1, and this adherence was similarly 
blocked by 44aacb (data not shown). 

To verify that under typical assay conditions with low sub- 
strate level, the observed adherence of ICAM-l-CHO cells was 
due to ICAM-1 rather than endogenous CHO receptors for 
Mac-1, a blocking ICAM-1 antibody waa preincubated with 
cells prior to addition to the plate. This antibody completely 
blocked the adherence of ICAM-l-CHO cells to both the I-do- 
main and to Mac-1 (Fig. 2B). The number of fluorescently 
labeled ICAM-l-CHO cells adhering to the I-domain under 
optimal conditions was typically 3- 4 -fold less than that adher- 
ing to Mac-1. 

Characterization of Anti-Mac- J Antibodies—The anti-Mac-1 
antibodies 44aacb and MY904 block the Mac-1 -mediated ad- 
herence of neutrophils (17, 22). The antibody 118.1 was gener- 
ated as described under "Materials and Methods" and also 
shown to block Mac-l-mediated neutrophil adherence (data not 
shown). 44aacb. MY904, and 118.1 were found to bind to Mac-1 
in an enzyme-linked immunosorbent assay format with EC50 
values of 12.0, 9.3, and 10.7 nM, respectively. Preincubation of 
these antibodies with Mac-1 (Fig. 3A) resulted in inhibition of 
the adherence of ICAM-l-CHO cells with IC50 values of 50-500 
pM in four assays. The three antibodies also blocked I-domain- 
mediated adherence (Fig. 3B) with IC50 values of 1-3 nM in four 
assays. LM 2/1, which does not block neutrophil adherence, 
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CDR regions from anti-Mac- 1 antibodies 






Amino acid sequences 










Heavy chain CDRl 






44aacb 


YTFTNYWINWVKO 


QQ 0 on f*I> 

00, A — «U \0/ 


MY904 


YTFSNYWIBVfVKO 




11S.1 


YSFTDYNMYWVKO 


> 100 (2) 


Heavy chain CDR2 




>100 (1) 


44aacb 


EMTGNIYPSDTYTNHNOKFKDKA 


MY904 


KWIGEI LPGSDSTNYNOKFKGKA 


>100 fl) 


118.1 


EWTGYIDPYYGGTTYNOI FKGKA 


30.4 ±6.1 (4) 


Heavy chain CDR3 




>100 (2) 


44aacb 


AWFr-TRSAY. . .ANYFDYWGOG 


MY904 


AVYPCARGGI ITTAHYFDYWGOG 


106 ± 9.7 (4) 


118.1 


AVYSCAIGGSYGWCS . . . YWGOG 


>200(1) 


Light chain CORl 






44aacb 


SFSCRASONIGTSI HWYOO 


>200 (1) 


MY904 


TISCRASOSVSTSSY . SYMHWYOO 


>200 (2) 


118.1 


S ISCRSSQSLVHSNGNTYLHWYLQ 


m* 


U^t chain CDR2 






44aacb 


LLIKYASKSISGIPS 


>200 (2) 


MY904 


LLTKYASWLKSGVPA 


> 100(1) 


118-1 


LLIYKVSNRFSGVPD 


NT 


Ught chain CDR3 






44aacb 


nYYrfV».qDSWPTLTFGAG 


>100 (2) 


My904 


TYYCOHSWKTP. .LTFGAG 


>200(1) 


118.1 


VYFCSQSTHVP . . FTFGGG 


NT 



" Peptides (underlined portions) representing the CDR regions plus 
some flanking sequences were synthesized and tested for inhibition of 
ICAM-l-CHO adherence to Mac-1; data shown are mean i SDEV. 

* NT, not tested. 



does not block ICAM-l-CHO adherence to Mac-1 (Fig. 3A). 

Ckaracterization ofCDRs of Anti-Mac- 1 Antibodies— mBNA 
isolated from hybridoma cells producing 44aacb, MY904, and 
118.1 was used to determine the nucleotide sequence encoding 
the CDRs of each of the antibodies. The deduced amino acid 
sequences are shown in Table I. Peptides were synthesized 
corresponding to the underlined portions of the sequences in 
Table I. These peptides were tested for inhibition of ICAM-l- 
CHO cell adherence to Mac-1 (Table I). One or two HC CDRs 
from each antibody blocked Mac-l-mediated adherence with an 
IC50 at or below 106 ^m. Of the light chain CDR peptides made 
for antibodies 44aacb and MY904, none possessed blocking 
activity. Two of the active HC CDR peptides were also tested 
for blocking activity in the adherence assay using the I-domain 
as a substrate. HC CDRl from 44aacb and HC CDR2 from 
118.1 were found to possess comparable blocking activity in 
this assay (data not shown). 

Identification of Additional Blocking Peptides through Phage 
Display— Variants of the 118.1 HC CDR2 blocking peptide 
were identified by displaying libraries based on this peptide on 
phage and selecting for those phage that bound to Mac-1. To 
select residues for randomization, the structure of 118.1 was 
modeled on the three-dimensional structure of the antibody 
D11.15, an anti-lysoz5rme antibody (Brookhaven Protein Data 
Bank IJHL). D11.15 was chosen for this purpose because of 
significant homology in the residues immediately flanking the 
hypervariable domains of 118.1 and D11.15. The antigen bind- 
ing loop of 118.1 HC CDR2 was predicted to consist of GYID- 
PYYGGITYN, with PYYG making the 0-tum. Two libraries, 
each with five randomized residues in this region were ex- 
pressed as N- terminal fusions with M13 gene IIL To select for 
high afi&nity peptides, a monovalent phage display system was 
utilized in which one copy or less of the gene III protein is 
expressed as a fusion peptide on each phage (24). Phage ex- 
pressing these libraries were panned on Mac-1 for four rounds 
with increasingly stringent wash conditions. Sequencing of 
phage eluted after four rounds revealed a consensus from one of 
the libraries, in which all five randomized residues differ from 
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Pig. 4. Consensus peptide derived from phage display of 118.1 
CDR blocks ICAM-l-CHO cell adherence. Mac-1 (A) or the I-do- 
main (B) was preincubated with the 118.1 HC CDR2 peptide GYID- 
PYYGGITYNQIFKG or the phage derived variant GYRDGYAGPILYN- 
QIFKG for 15 min prior to the addition of ICAM-l-CHO cells. These 
data are the means of duplicate determinations (± individual values) 
and are representative of three (A) and two (B) experiments. 

the original sequence: GYRDGYAGPILYN. 

The phage-derived consensus sequence (plus five C-terminal 
residues from the 118.1 sequence) was synthesized and tested 
for inhibitory activity. The consensus peptide was equivalent to 
the corresponding 118.1 peptide in blocking the adherence of 
ICAM-l-CHO cells to Mac-1 (Fig. 4A) and to I-domain (Fig. 4B). 
Peptides made from the consensus sequence either with flank- 
ing residues from gene III or lacking the five added flanking 
residues firom the 118.1 sequence were inactive (data not 
shown). 

DISCUSSION 

Peptides that block the binding of ICAM-1 to Mac-1 have 
been derived from the CDRs of anti-Mac- 1 antibodies. Antibod- 
ies were chosen for this purpose based on their ability to block 
Mac-l-mediated adherence of ICAM-l-expressing OHO cells. 
The specificity of these antibodies was further verified by show- 
ing that they also block ICAM-l-CHO cell adherence to the 
recombinant I-domain of Mac-1. The amino acid sequences of 
the three HC CDRs and three light chain CDRs of each of the 
antibodies were deduced firom the nucleotide sequences encod- 
ing the antibodies, and peptides were made firom 15 of the 18 
total CDR sequences. The adherence of ICAM-l-CHO cells to 
Mac-1 was blocked by four of these peptides, two fipom MY906 
and one each from 44aacb and 118.1. This may result ftt)m one 
or two of the CDRs contributing most of the binding affinity of 
the antibody, or it may reflect a subpopulation of peptides 
taking on an active conformation out of their native context. 

Because these peptides compete with ICAM-1 for binding to 
Mac-1, they were analyzed for homology with ICAM-1 (Ref. 25; 
Lasergene, DNAstar. Madison, WI). Some similarity was found 
between HC CDR2 from 118.1 and residues Val^ to Ala^^^ of 
ICAM-1 (Table II). These residues in ICAM-1 constitute the 



Table II 

AUgnmeni of 218 HC CDR2 wUh ICAM I 



ICAM-1 "'^HLALGDQRLNPTVTYGNDSFSAKA^ 

III I I ill 

118.1 HC CDR2 EWIGYIDPYYGGITY-NQIFKGKA 



loop between ^-strands D and E in immuno^obulin domain 3. 
Mutations in loops between strands C and D and strands E and 
F of domain 3 have been shown to inhibit adhesion to Mac-1 (8). 

A variant of HC CDR2 from 118.1 was identified using a 
monovalent display system on the phage M13 and selecting for 
Mac-1 binding. Interestingly, although all five randomized res- 
idues differed from the original 118.1 sequence, this peptide 
was foimd to possess similar Mac-1 blocking activity to the 
parental 118.1 peptide, indicating that there is considerable 
room for variation, and presumably improvement, within this 
CDR sequence. The selection of this CDR variant through 
binding of phage to Mac-1 demonstrates that this peptide does 
bind to Mac-1 and provides evidence that its blocking activity 
can be attributed to a specific interaction with Mac-1. 

Evidence has suggested that protein-protein interaction in- 
volves multiple contact sites, and until recently little progress 
had been made in disrupting such interactions with small 
peptides. However, several examples now exist of peptides that 
can block protein-protein interaction; for example, an 8-£umno 
add peptide has been identified that can can block the activa- 
tion of FGFRl by basic fibroblast growth factor (26). Further, 
the interaction of the two cell surface proteins, CD4 and MHC 
class U, can be blocked by a heptapeptide based on a protruding 
loop from one of the immimoglobulin-like domains of CD 4. 
Thus even in this latter example, where many contact sites 
from two Ig domains of CD4 are thought to interact with MHC 
class II, binding appears to depend on a single ^-turn-contain- 
ing loop (27). In the case of antibody-antigen interaction, vary- 
ing numbers of hypervariable regions may act together to pro- 
vide the net affinity. In each of the three antibodies we have 
examined, we have identified one or two CDRs as candidates 
for important binding sites. 

Peptides that block the interaction of ICAM-1 with Mac-1 
have not previously been reported. Peptides derived from factor 
X and related peptides derived from filamentous hemaggluti- 
nin have been shown to prevent factor X binding to cells, 
presumably via Mac-1 (28, 29). However, the I-domain is not 
the primary binding site for factor X (12), and these peptides 
have not been shown to affect ICAM-1 binding. There is prec- 
edent, however, for peptide inhibition of ICAM-l-/32-integrin 
interaction. A peptide from ICAM-2 has been shown to bind to 
LFA-1 and inhibit endothelial cell adhesion (at 100 ^g/ml), 
presumably via ICAM-1 (30). Peptides from ICAM-1, domains 1 
and 2, have also been shown to inhibit ICAM-l-mediated ad- 
hesion to unknown Ugands (at 100 jliM) (31). 

In conclusion, we have utilized sequence information from 
anti-Mac- 1 antibodies to derive the first peptide Mac-1 antag- 
onists. These findings support a growing body of evidence that 
protein-protein interactions may depend disproportionately on 
one site or pocket. 
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Sets of short (12 residues) cellulose-bound synthetic 
overlapping peptides derived from the sequences of the 
variable regions of the heavy and light chains of three 
different antibodies (an anti-thyroglobulin antibody, 
the HyHEL-5 anti-lysozyme antibody, and an anti-angio- 
tensin U antibody) were used to systematicaUy assess 
the antigen binding caiiacity of peptides from the anti- 
body paratope outside their natural molecular context 
Peptides enclosing one or several of the complementar- 
ity determining region (CDR) residues had antigen 
binding activity, although the most active peptides were 
not necessarily those bearing the greatest number of 
CDR residues. Several residues from the framework re- 
gion, pi«ceding or foUowing the CDR, were found to 
play a role in binding. Affinity constants from 4.1 x 10" 
to 6.7 X 10"* M"* for the soluble form of 9 lysozyme- 
binding dodecapeptides were measured by BIAcore 
analysis. Alanine scanning of lysozyme-binding 
hexapeptides from the HyHEL-5 sequence identified 38 
residues important for binding, of which 22 corre- 
sponded to residues that had been shown by x-ray crys- 
taUography to be at the interface between HyHELrS and 
lysozyme. Our results could be of interest for the ratio- 
nal identification of biologicaUy acUve peptides derived 
from antibody sequences and in providing an experi- 
mental basis for mutagenesis of the antibody paratope. 

Antibody molecules bind antigens with high affinity and 
specificity by synergistically using multiple noncovalent forces. 
The combining site (paratope), whose shape is complementary 
to the epitope on the antigen, is made up of the hypervariable 
regions, also called complementarity determining regions 
(CDRs)* (1). It is commonly accepted that there are three CDRs 
in the light chain (LI. L2. and L3) and in the heavy chain (HI, 
H2, and H3). These CDRs fold into turn structures that are 
stabilized by the ^-sheet framework of the variable domains. 
The interface between antibodies and antigens has been pre- 
cisely described by x-ray crystallographic studies, and several 
complexes between Fab fragments of monoclonal antibodies 
and peptide or protein antigens have been recentiy described 

* This work was supported by a special grant from ELF Aquitaine. 
The cosU of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
^aZrtisemeJ" in accordance with 18 U.S.C. Section 1734 solely to 

'"^TJthom*^rrespondence should be addressed. Tel.: 33-4-67-64-86- 
03- Fax- 33-4-67-64-86-10; E-mail: gramer«phanna.univ-inontpl.fr. 

^The abbreviations used are: CDR. complementarity determimng 
region; V„. variable region of the heavy chain; Vi^vanaUe r^on 
light chahi; Pmoc, W9-nuDrenyl)methoiycarbonyl; HPLC, high pres- 
sure liquid chromatography. 



(for reviews see Refs. 2-4). The structures of antibody-antigen 
complexes indicate that at least four of the CDRs, and in some 
cases all six CDRs. contribute to antigen binding (5). Residues 
in the framework have rarely been reported to participate in 
this interaction (6, 7). 

Antibody-peptide or antibody-protein complexes are excel- 
lent model systems to study the physicochemical requirements 
for molecular recognition. Unfortunately, it is a difficult task to 
obtain crystals suitable for the structural elucidation of anti- 
body fttigments in complex with proteins or peptides. There- 
fore, other approaches to obtain information about the key 
residues involved in the interaction would be very useful, in 
particular for paratope mutagenesis. Some workers have dem- 
onstrated that synthetic peptides derived from the amino acid 
sequences of CDRs bind antigens with specificities similar to 
those of tiie original antibody molecules (8-15). Such peptides 
have very often been chosen in the CDRS of the Vh sequence, 
which is considered to play a prominent role in defining anti- 
body reactivity. However, the capacity of synthetic peptides 
derived from the variable regions of a given antibody to bind an 
antigen has never been probed in a systematic manner, i.e. in 
assessing the antigen binding capacity of every overlapping 
peptide from the V„ and sequences. 

In this study, we present the results obtained by measunng 
the ability of an antigen to bind to sets of immobUized overiap- 
ping peptides of uniform size covering the amino acid se- 
quences of tiie V„ and Vl domains of three different antibodies. 
The peptides were prepared by the Spot method (16), which has 
previously been successfully used to identify peptide epitopes 
recognized by anti-protein antibodies and further developed to 
map protein-protein interaction sites (17). Our results indicate 
that numerous peptides show antigen binding capacity, most of 
them exhibiting measurable affinities in BIAcore. and that 
paratope residues important for antigen recognition can be 
identified by peptide analysis. 

EXPERIMENTAL PROCEDURES 
AnligenB—U&n egg white Iyso2yme was from Sigma, and human 
tbyroglobuUn was from UCB-Phanna (Nanterre. France). Synthetic 
angiotensin H and an N-terminally biotinylated derivative were pre- 
pared as described below. . * . • v 

Protein Biotinylation—2 mg of the antigen in 2 ml of bicarbonate 
buffer (pH 8.6) were biotinylated by using a commercial reagent (Am- 
ersham RPN2202) according to the manufacturer's protocol. Biotiny- 
lated antigens were incubated with 0.1 M glycine (1 h. 37 '^O and then 
stored in phosphate-buffered saline at -20 "C. 

Amino Acid Sequences of Afaibodies-The numbering of aniino 
acid sequences of the variable regions was that of Wu and Rabat (1). 
The amino acid sequence of the anti-angiotensin II antibody 4D8 was 
established by sequencing the cDNAs corresponding to the heavy and 
light chains after reverse transcription of the mRNA from the 4D8 
hybridoma (18). The amino acid sequences of the anti-lysozyme anti- 
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Fig. 1- Reactivity of overlapping 
dodecapeptidea derived from the se- 
quence of the anti-lysozyiue antibody 
HyHEL-5 with biotinylated lysozyme. 
The membrane on which the peptides 
were synthesired was incubated with 1 
Hg/m\ biotinylated lysozyme (A), 1 ngfm\ 
biotinylated lysozyme in the presence of 
human normal serum diluted 1:50 iB), 1 
Hgfm\ biotinylated lysozyme in the pres- 
ence of 0.1 mg/ml nonbiotinylated ly- 
sozyme (C). or alkaline phosphatase- 
strepUvidin (1:3000) iD). 






body HyHEL-5 and the anti-human thyroglobulin TglO antibody were 
taken from the literature (19, 20). 

Peptide Synthesis on Cellulose Membrane— The general protocol has 
been described previously (21). Membranes were obtained from Abimed 
(Langenfeld, CJermany). Fmoc amino acids and N-hydroxybenrotriazole 
were from Novabiochem. An ASP222 robot (Abimed) was used for the 
coupling steps. All peptides were acetylated at their N terminus. After 
the peptide sequences had been assembled, the side-chain protecting 
groups were removed by trifluoroacetic add treatment (16). 

Immunoassay wUh Cdlulose-bound Peptides— The general protocol 
was the same as for epitope analysis (16) except for the use of a 
biotinylated antigen (90-min incubation at 37 *C). After washing the 
membrane, a 1:3000 dilution of an alkaline phosphatese-streptavidin 
conjugate (Sigma) was incubated for 30 min at . room temperature. 
Binding was revealed by addition of a phosphatase substrate (5-bromo- 
4-chloro-3-indolyl phosphate-3-(4,5-dimethyl thiazol.2-yl)-2,5-diphenyl 
tetrazolium bromide, Sigma), giving a blue precipitate on those spots 
having bound the alkaline phosphatase-streptavidin conjugate. 

A plot of spot intensities was obtained with the NIH Image software 
after scanning the membrane as described (21). Color intensities were 
calculated with reference to a black spot taken as the maximum of a 
0-255 scale (arbitrary units). To allow the reuse of the membrane, it 
was sequentially treated by dimethylformamide, 6 m urea, and 10% 
acetic add in ethanol so as to remove the predpitated dye and molecules 
bound to peptides. The reactivity of each antigen was assessed in two or 
three independent experiments. 

Synthesis of Soluble Peptides— Al\ soluble peptides were synthesized 
on an Abimed AMS 422 synthesizer by Fmoc chemistry. Except for 
angiotensin II, a spacer sequence (YKK) was added at the N terminus 
of every peptide followed by a biotin residue. Peptides were deprotected 
and released from the resin by trifluoroacetic add treatment in the 
presence of appropriate scavengers. Peptides were lyophilized, and 
their purity was assessed by HPLC. When necessary, peptides were 
purified to greater than 90% HPLC homogeneity. 

Real Time Analysis of Peptide Antigen Interaction by BZAcore— The 
BIAcore apparatus was from BlAcore (Uppsala, Sweden). All experi- 
ments were carried out at 25 *C. N-terminally biotinylated peptides (5 
M-g/ml in Hepes-buffered saline buffer) were immobilized on a strepte- 
vid in-coated sensor chip. The injection was performed at a flow rate of 
5 ftl/min. The net surface plasmon resonance signal for immobiUzed 
peptides was found te be about 25-30 resonance units after completion 
of the chip regeneration cycle* which corresponds to 25-30 pg^mm' 
(12-15 fmol/mm^). The binding kinetics of lysozyme to immobilized 
peptides was determined by injecting lysozyme (2-4 ^M) in Hepes- 
buffered saline buffer (running buffer) at a flow rate of 10 iiMmixx. 
Dissociation was observed in running buffer without dissociating 
agents at a flow rate of 10 ^il/min. The kinetic parameters of the binding 
reactions were determined using BIAovaluation 2.1 software (22). The 
dissociation rate (off-rate) constant was determined from a plot of 
\n{RfJR) versus time, R being the surface plasmon resonance signal at 
time /; the assodation rate constont (on-rate) was determined from a 
plot of \n[ah3{dR/dt)] versus time. The apparent equilibrium dissoda- 
tion constent was calculated from the kinetic constents: Kt, » kjk^. 
Analysis of Framework-CDR Interaction by Molecular Modeling— 



The coordinates of the HyHEL-5-lysozyme complex (3hfl; Ref. 23) were 
used with the Insight 11 software to identify CDR residues in contact 
He. less than 3.4 A apart) with amino adds from the framework that 
were found to be important by Spot peptide analysis. 

RESULTS 

Capacity of Peptides Derived from the and Sequences 
of Tkr^ Different Antibodies to Specifically Bind the Cognate 
Antigen— The capacity of short peptides derived from the vari- 
able regions of three different antibodies to bind the cognate 
antigen was investigated in a systematic manner. The Vh and 
Vl amino acid sequences were presented as sets of 110 over- 
lapping dodecapeptides (2-residue firameshift) sjrnthesized ac- 
cording to the Spot method (16, 21). In this method, the pep- 
tides remain attached to the cellulose membrane used for their 
synthesis, and their immunoreactivity is probed by incubating 
the membrane with a solution containing the ligand. As an 
example. Fig. 1 shows the results obtained with peptides de- 
rived from the variable regions of HyHEL-5, an anti-lysozyme 
antibody (6). Biotinylated lysozyme (1 Mfi/nal; 6 X 10"* m) bound 
to several peptides derived from the Vjj and sequences of 
HyHEIr5 {Fig. LA). A detailed analysis of this interaction is 
provided under "Relationships between the Sequence of Anti- 
gen-binding Peptides and CDR Location in the HyHel-5 Mod- 
el." The binding pattern was not affected by incubating the 
biotinylated lysozyme in a 50-fold dilution of normal human 
serum, i.e. in the presence of a higlh concentration of proteins 
unrelated to lysozyme (Fig. IB). However, when lysozyme (100 
^g^ml) was added to the incubation mixture, binding no longer 
occurred (Fig. IC). No binding was observed with the alkaUne 
phosphatase-streptavidin complex (Fig. ID) except on two con- 
trol peptides that have the HPQ sequence recognized by 
streptavidin (24). The binding of lysozyme to immobilized pep- 
tides is therefore specific. 

In the second model studied, biotinylated thyroglobulin (1 
/ig/ml; 3 X 10"® m) was also found to bind several peptides from 
the Vh and Vl domains of the anti-thyroglobulin antibody TglO 
(25). The reactivity was observed in six regions of the mem- 
brane that broadly corresponded to peptides containing CDR 
residues (data not shown). The reactivity was abolished in the 
presence of an excess of thyroglobulin. 

In another set of experiments, the V^ and V^ domains of the 
high affinity anti-angiotensin II antibody 4D8 (Ko = 13 x 10* ' 
m; 18) were scanned by overlapping dodecapeptides. Biotiny- 
lated angiotensin 11 (1 /ig/ml; 1 x 10'® m) bound to peptides 
corresponding broadly to the three CDRs of Vl and to Hi, 
whereas peptides corresponding to H2 and H3 showed less 
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Tablb I 

Sequences of the dodecapeptides derived from the Vh and of 
antibody HyHel-5 and their reactivity with biotinylaied lysozyme 
Framework residues are colored io black, and CDR residues are in 
red. Shad€»l areas correspond to peptides showing significant binding. 
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intense reactivity (not shown). When biotinylated angiotensin 
II (1 ^g/ml) was incubated with 1 mg/ml angiotensin II, the 
signal markedly decreased. No cross-reactivity was observed 
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with any of the three antigens on peptides derived from unre- 
lated antibodies. All of these results showed that 12-mer pep- 
tides derived from the amino add sequence of tiie Vh and Vl 
domains of three different antibodies are capable of being spe- 
cifically recognized by their cognate antigen. 

RelatioTiships between the Sequence of Antigen-binding Pep- 
tides and CDR Location in the HyHEL-5 Afodci— Table I shows 
the results of the quantitative analysis of the binding of bioti- 
nylated lysozyme to ceUuloBe-bound peptides derived from the 
amino add sequence of HyHEL-5. The majority of peptides 
containing only framework residues displayed no binding ac- 
tivity (peptides 3-8, 20-21, 34-39. 51-68. 84, and 86-87). 
However, several peptides (31-^3, 40. 59. 68-69. 85, 88-90, 
and 92-93) that also contained only framework residues were 
reactive. The possible molecular basis for this reactivity is 
discussed under *Predse Identification of Residues Contribut- 
ing to Antigen Binding and Camparison with Contact Residues 
Defined by X-ray Crystallography*. Analysis of the relation- 
ships between the amino add sequence and the binding prop- 
erties (Table I) indicated that strong binding capacity was 
detectable when certain CDR residues were present in the 
peptide sequence. For example, the sequence VTMTC- 
SASSSVN from LI (peptide 12) had no activity, but the follow- 
ing (overlapping) sequence MTCSASSSVNYM (peptide 13) pos- 
sessed activity; therefore, the motif YM clearly contributed to 
binding. Other residues from CDRs were thus identified as 
contributors: DT from L2 at peptide 22, SD from HI at peptide 
60, and YH from H2 at peptide 75. Some residues not belonging 
to CDRs also apparently contributed to binding activity: GS at 
peptide 29, YY at peptide 40, TF at peptide 59, KQ at peptide 
64, GL at peptide 67. LT at peptide 88, and YY at peptide 92. 
Also, a decrease in the binding capadty of certain peptides 
occurred when residues from the CDRs disappeared from the 
peptide sequence, e,g, the difference in the activities of peptides 
19 and 20 could be attributed to the absence of YW in peptide 
20. The following CDR residues were thus identified: QW from 
L3 (difference in binding to peptide 47 versus 48), SD from Hi 
(peptide 65 versus 66), GS from H2 (peptide 77 versus 78), and 
DF from H3 (peptide 101 versus 102). When certain residues 
not belonging to Uie CDR were removed ftxtm the amino acid 
sequence of a binding peptide, the antigen binding capacity was 
reduced: absence of RW in the sequence of peptide 26, of FS in 
peptide 34, of>VS in peptide 63. of EW in peptide 74. and of YM 
in peptide 91. Therefore, it seems that the binding of antigen to 
cellulose-bound peptides is based on the presence in their se- 
quence of certain residues from the CDRs and in several in- 
stances of certain framework residues neighboring the CDRs. 

Precise IdentificcUion of Residues Contributing to Antigen 
Binding and Comparison with Contact Residues Defined by 
X-ray Crystallography— M&nine scanning of hexapeptides de- 
rived from each previously identified binding sequence from 
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Fig. 2, Determination of midnes oontribttting to the biiidiiig 
of biotinylated lysozyme to sets of alanine analogs of hexapep- 
tides derived firom the U sequence of HyHEU antibody. Each 
bar represents the reactivity of the hexapeptide whose sequence com- 
prises an Ala residue in place of the indicated amino add. Baaced fetters 
indicate amino acids considered as contributors. A, alanine scanning of 
peptide SSVNYM. B, alanine scanning of peptide SVNYMY. C, aUnine 
scanning of popUdc VNYMYW. 

the Vh and domains of HyHEL-S was performed to identify 
the exact residues contributing to antigen binding. The study of 
the CDR LI region is given as a detailed example (Pig. 2; see 
legend of Fig. 3 for the amino acid numbering of the V„ and 
sequences). Thi-ee hexapeptides (SSVNYM. SVNYMY. and 
VNYMYW) and each of their six alanine analogs were synthe- 
sized by the Spot method and tested for reactivity with bioti- 
nylated lysozyme. Replacing Ser^^ of peptide SSVNYM by an 
alanine residue led to a fall in the antigen binding capacity, 
whereas alanine replacement of lyr*^ led to disparition of the 
binding. Changing any of the other amino adds of the peptide 
SSVNYM did not modify the binding (Pig. 2A). Por peptide 
SVNYMY. the three amino adds Asn^\ Tyr^, and Tyr^ ap- 
peared to be important (Pig. 2B). Alanine scanning of peptide 
VNYMYW indicated that only Aan'^ is important (Fig. 20. In 
preliminary experiments, we noted that the contribution of a 
given amino acid to binding was not always the same when the 



surrounding sequence varied, probably reflecting (informa- 
tional effects. Indeed. Tyr^ appeared to be a contributor in 
peptides SSVNYM and SVNYMY but not a contributor in pep- 
tide VNYMYW; also, the influence of Asn^* was apparently 
more critical in sequence VNYMYW than in other sequences. 
In fact, several hexapeptides had to be analyzed to define the 
residues contributing to the binding. 

The contributing motif for tiie LI region was therefore de- 
termined to be ^S-NY.Y** (Pig. 3). wiUi all four residues 
belonging to tiie CDR. Using the same alanine-scanning ap- 
proach, contributors were determined for each CDR region. For 
the L2 region, the motif was identified as "^^RWIYD" (Pig. 3); 
one residue (Asp^) belonged to the CDR, and four residues 
were from the framework sequence preceding L2. Por the L3 
region, the contributing motif was ^^WGR-P-F^ (Pig. 3). Res- 
idues Trp, Gly. Arg, and Pro were part of the CDR, Phe*® being 
in the framework. For the HI region, the contributing motif 
=''Y-FSDYW-EW^® comprised four residues (DYW-E) from the 
CDR and four residues from the framework. For the H2 region, 
the motif comprised a framework residue. Trp^^, and six resi- 
dues in the middle of the CDR ('^S-S-NYHE^'). Por the H3 
region, the motif ®*YO-HGNYDP.W*°* had five amino acids 
from the CDR (GNYDF) and four residues from the framework 
(YC-H and Trp, respectively on the N- and C-terminal sides of 
the CDR). The determination of critical residues for binding tiie 
antigen provided a possible explanation for the reactivity of 
certain framework sequences; for example, peptides 29-34 (Ta- 
ble 1) contain an SGS sequence that is part of the CDR H2; 
peptides 68 and 69, could be reactive because of the presence of 
the LEW sequence very similar to the lEW motif of HI. The 
reactivity of peptide 88 could be due to a strong sequence 
similarity with peptides 16-18 from the LI region (SSTAYM as 
compared with SSVNYM), Thus, a cross-reactivity phenome- 
non may explain some of the reactivities in framework pep- 
tides; however, no similar explanation for the reactivity of 
peptides 40. 69, 89-90, and 92-93 was found. 

The residues identified here as important for the binding of 
lysozyme to peptides derived from the sequence of the V^ and 
Vl domains of HyHEL-6 were then compared with the residues 
involved in antigen binding in the crystal structure of Hy- 
HEL-5 Fab-lyaozyme (6, 23) (Pig. 3). For the LI region, three 
amino adds (NY-Y) identified by peptide analysis are impli- 
cated in the ciystallographic antigen-antibody interaction; 
Ser^ was found to be a contributor in our analysis only. Por the 
L2 r^on. only one CDR amino acid (Asp***) was implicated by 
crystallography in the antigen-antibody complex. Alanine scan- 
ning of reactive peptides from this region pointed out the role of 
both Asp" and of the stretch of four residues preceding it. For 
the L3 region, the **WGRrP®" residues of the antigen-antibody 
complex were identified by peptide analysis with, however, the 
implication of an additional residue (Phe®®). For the HI region, 
four CDR residues (DYW-E) and one framework residue (Ser**^) 
were found by crystallography to be implicated in antigen 
recognition; by alanine scanning of hexapeptides, the same five 
amino acids, ^^SDYW-E^**, were found to be contributors. How- 
ever, three other amino acids (Y-F- — W) outside the CDR 
seemed to be implicated in the interaction of the peptide with 
the antigen. Por the H2 region, which is a 17-residue long CDR, 
seven amino adds from the CDR and one in the framework play 
a role in the antigen-antibody interaction as determined by 
x-ray crystallography. By using the Spot method, the impor- 
tance of three amino adds of the CDR (Ser**. Ser^, and Asn^) 
and of the Trp'*'^ residue of the fi-amework was determined. 
Whereas tiie crystallographic results implicate the N-terminal 
part and the middle of the CDR, the C-terminal part of tlie CDR 
(motif YHE) seemed to play an important role when peptides 
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Pig. 3. Comparison of residaes found to contribute to the binding of tysoxyme to peptides with residues involved in the 
paratope-epitope interface in the HyHEL-6 lywxyme complex (23). CDR residues are colored in red. Residues labeled with asterisks 
correspond to residues la direct contact with lysoxyme in the crystal structure. A residue was considered to be a contributor if the binding signal 
was reduced by at least 20% when it was replaced by an alanine. Ab^ antibody. The complete amino add sequences of the Vh and of HyHEL-5 
are given below. CDR residues are underlined. 
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VH 

1 5 10 15 20 25 30 35 40 45 50 52a 55 60 65 70 75 80 82abc 85 90 95 
ZVQLQOSGAELMKPGASVKISCKASGYTFS DYWIE WVKQRPGHGLEWIGEI L PGSGSTNYHERFKG KATFTADTSSSTAYM Q LNSLTSEDSGVYYCLH- 

99 105 110 

gnypfdg wgqgttltvss 

Sequences 1 and 2 



were used. For the H3 region, the motif GNYD found by crys- 
tallography is similar to the motif found by the alanine scan- 
ning of hexapepUdes. However, five amino adds, which were 
defined by spot peptide analysis as contributors, were not im- 
plicated in the HyHEL-6-lyso2yme interaction aa defined in the 
crystal structure. Of these five contributors, four of them be- 
longed to the framework (»*YC-H®*, N-terminal to the CDR. 
and Trp***^, C-terminal to the CDR). 

The comparison between residues (totaling 38) important for 
lysoz3rme binding to Vf^- and V|^-denved peptides and residues 
involved in HyHEL-5-lysozyme interaction perrnitted us to 
identify 14 of the 18 residues in direct ciystallographic contact 
with the antigen (78%) and 22 of the 32 (69%) residues that are 
either in contact or partially buried at the antigen-antibody 
interface (23) (Fig, 3), Sixteen residues that were found to be 
important in the binding of biotinylated lysozyme to peptides 
did not correspond to amino acids at the antigen-antibody 
interface. The m^ority of them (12 of 16) were framework 
residues. Table H shows that all five contributors from the Vl 
framework and six of nine important residues from the 
framework belong to the subset of framework residues from the 
*^emier** zone, i.e. defined as residues that may ac^ust CDR 
structure and fine tune the fitting to antigen (26). By using the 
atomic coordinates of the HyHeI-5-lysozyme complex, it was 
found that, except for Tyr^"* and Cys^ (not in the Vernier 
zone), all the other framework residues identified as contribu- 
tors to antigen binding by peptide analysis make contacts in 
the crystal structure with at least adjacent residues from the 
CDR (Table 11). Therefore, this subset of residues could con- 
tribute by giving the peptide an appropriate conformation for 



Table II 

Characterization of framework residues found to be important for 
antigen binding by peptide analysis 

,^dt&e X-vSSer C-nlact ™sid„.^™ |J« .4i«ent CDR 





Yes 


Ala"^ (CDR L2) 


Trp*^*- 


Yes 


Uu«^, Ala'*^(CDR L2) 


Ile*"*- 


Yes 


Thr*"-, Ser***-. LysSSL (CDR L2) 


Tyr*^'' 


Yes 


Asp"^. Lys"\ Leu"\ Ala**^ (CDR L2) 




Yes 


Thr»^. Gin***-. Pro"»^ (CDR L3) 




Yes 


Tyr*^ (CDR HI) 




Yea 


Asp'»",Try^(CDRHl) 


Ser^" 


Yes 


Asp3*" (CDR HI) 


Trp>«" 




Ile»*", Glu*»" (CDR HI) 


Trp*™ 


Yes 


Glu»", His"" (CDR H2) 








Cya^ 






His*^" 


Yes 


G95H, N96H. FIOOH, DIOIH (CDR H3) 




Yes 


DIOIH. G102H (CDR H3) 



- Ref 26. 

* Contact as defined under "Experimental Procedures." The list of 
contacts is not exhaustive. 



antigen recognition. 

Affinity Determination of the Interaction between Peptides 
and Lysozyme by BIAcore Analysis — Based on the sequences of 
the peptides used in the Spot assay, a series of peptides derived 
firom the variable regions of HyHELrS was synthesized by 
convention&l solid phase synthesis and used in BIAcore real 
time interaction analysis (27). Fig. 4A shows a typical sensor- 
gram of the interaction of an immobilized biotinylated peptide 
(Lyso 1) with lysozyme; the fitting of the experimental associ* 
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Pig. 4. Surfiaoe plamnoa resonance 
analysis of interaction between ly- 
sozyme and peptide I^so 1. A, sensor- 
gram for the binding of iysozyme to peptide 
Lyso 1. B, on'rate constant determination 
using a one-site model with data from A; the 
experimental and theoretical curves and the 
residuals between these two curves are over^ 
laid. C, off-rate constant d^emunatioa us- 
ing a one-site model with data from A; the 
experimental and theoretical curves and the 
residuals between these two curves are over- 
laid. RU, resonance units. 



3 

I 
5 



RU 
900 

7004 

500 

300- 

100- 

.100 



J 



— t— 

50 



100 



B 



150 




ation curve (Fig. 4B) and dissociation curve (Fig. 4C) with the 
theoretical curves indicated that a one-site interaction model 
satisfactorily described the binding. The same observations 
vrere made for all other measurable peptide interactions (not 
shown). Table III munmarizes the results of the BIAcore study 
in which the kinetic parameters and were measured. 
Among 10 soluble peptides corresponding to sequences highly 
reactive in the Spot assay, at least one peptide from each of the 
six hypervariable regions of the HyHel-5 antibody was found to 
exhibit measurable binding with a value in the 0.6-4 x 
10"^ M range (upper part of Table III). Two other soluble 
synthetic peptides (Lyso 15 and Lyso 17) showed no measura- 
ble binding in BIAcore analysis. For Lyso 6, Lyso 10, and Lyso 
16, corresponding to peptides from the framework of HyHEL-5 
exhibiting binding activity in Spot, only Lyso 6 displayed an 
affinity constant that was similar to that measured for the 
other peptides. As expected, irrelevant peptides or peptides 
derived from sequences of faintly or noncolored spots gave no 
binding in the BIAcore assay (bottom part of Table III). These 
results indicate that several short ( 12 residues), linear peptides 
identified on the basis of their reactivity in the Spot format 
gave rise to interaction of sufficient energy with lysozyme to be 
analyzed by real time interaction analysis. However, there 
were some peptides reactive in the Spot assay that did not show 
measurable aiffinity, making it difficult to infer BIAcore behav- 
ior from the results of the Spot analysis. 

DISCUSSION 

Antigen binding occiu^ through molecular contacts with sev- 
eral of the spatially juxtaposed CDRs of the Vh and domains 
of the antibody molecule (28, 29). A systematic evaluation of 
the capacity of every peptide from the Vh and regions to 
bind the antigen was performed in this study to assess the 
effect of keeping the sequence information but disrupting the 
precise molecular arrangement of the paratope. It was found 
that in the case of three different antigens (angiotensin II, hen 
egg white lysozyme, and human thyroglobulin), differing con- 
siderably in their size, numerous inunobilized peptides from 
the V„ and V,^ regions of the cognate antibody bind the antigen 



in a specific manner. Moreover, we have unpublished results 
showing that in the case of two other anti-protein antibodies 
the same observations could be made, arguing in favor of the 
generality of the phenomenon for anti-protein antibodies. Our 
present analysis indicates that peptides with antigen binding 
activity have one or several residues from the CDR in their 
amino acid sequence. Synthetic peptides enclosing complete 
CDRs generally displayed strong binding activity; however, 
peptides representing incomplete CDRs but including amino 
acids from sequences flanking the CDRs were also active, in- 
dicating contribution to the binding of some residues outside 
the CDR itself. It is not clear whether these residues contribute 
by directiy contacting the antigen or by giving the reactive 
conformation to the peptide. We observed, however, that these 
residues often belong to the subset of fi-amework residues that 
could modulate the conformation of the adjacent CDR (19, 26). 
It is therefore possible that the conformational state of reactive 
peptides immobilized on the cellulose membrane is very close to 
the conformation of the same sequence in the paratope. If this 
is the case, modification of a peptide residue critical for confor- 
mation would affect antigen binding in the same way that 
mutation of the corresponding framework residue would affect 
binding by altering CDR conformation. It was observed that 
some peptides including only framework residues do specifi- 
cally bind to the antigen; this is possibly due in certain cases to 
occurrence in the frameworic sequence of similarities with the 
motifs contributing to antigen binding. It has been shown that 
a sequence homology of three residues in a peptide is sufficient 
to give rise to antigenic cross-reactivity (30). However, in sev- 
eral instances there is no obvious homology so that the chem- 
ical or structural basis for this reactivity remains to be 
assessed. 

Binding of nine of thirteen synthetic peptides corresponding 
to those active in the Spot assay was observed by BIAcore real 
time interaction analysis. The dissociation constants of the 
interaction between soluble peptides and lysozyme in the 70- 
400 UH range are only 2 or 3 orders of magnitude higher than 
the Kjj of the reaction between the whole antibody and ly- 
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Table in 

Determination of the binding kinetics of the interaction between lysozyme and biotinylated 
peptides derived from the Vh and Vj^ sequemxs of HyHel-S 



Nome of the 
peptide 


Peptide sequence 


Color intensity" 


Correspondi 
antibody region 


A- 














/0**~' ii"' 




10'^ u 


hyso 1 


Biot^p-CSASSSVNYMYW 








0.04 


1 1Q 


Lyso 3 


Biot-Sp-SGTSPKRWIYDT 


201 




K nu 

U.tO 




U.OM 


Lyso 4 


Biot-Sp-RW I YDTS KI*ASG 


171 


CDR L2 


2.38 


Q.Z/ 


0.857 


Lyso 7 


Biot-Sp-YYCQQWGRNPTF 


180 


CDR L3 


2.33 


o.o/ 


.1.45 


Lyso 8 


Biot-Sp-CKASGYTFSDYW 


197 


CDR Hi 


1.10 


4.54 


4.12 


Lyso 9 


BiotrSp-TFSDYWIEWVKQ 


191 


CDR Hi 


1.33 


3.70 


2.78 


Lyso 11 


Biot-Sp - RPGHGLEWIGEI 


203 


CDRH2 


1.99 


3.19 


1.60 


Lyso 18 


Biot-Sp-CLHGNYDFDGHG 


254 


CDR H3 


2.69 


3.67 


1.36 


Lyso 15 


Biot^p-LPGSGSTNYHER 


195 


CDRH2 


NM* 


NM 


NM 


Lyso 17 


Biot-Sp-GVYYCLHGNYDF 


203 


CDRH3 


NM 


NM 


NM 


Lyso 6 


Biot-Sp-SSMETEDAAEYY 


209 


FRW 


4.85 


7,39 


1.52 


Lyso 10 


Biot-Sp-WVKQRPGHGLEW 


182 


FRW 


NM 


NM 


NM 


Lyso 16 


Biot-Sp-NSLTSEDSGVYY 


220 


FRW 


NM 


NM 


NM 


Lyso 2 


Biot>Sp"SSVNYMYWYQQK 


84 


CDR Ll 


NM 


NM 


NM 


Lyso 5 


Biot-Sp-IYDTS KIASGVP 


35 


CDRL2 


NM 


NM 


NM 


Lyso 12 


Biot-Sp-BWIGEILPGSGS 


57 


CDRH2 


NM 


NM 


NM 


Lyso 13 


BiotrSp-IGBILPGSGSTN 


40 


CDRH2 


NM 


NM 


NM 


Lyso 14 


Biot-Sp-EILPGSGSTNYH 


77 


CDRH2 


NM 


NM 


NM 


Lyso 19 


Biot^p-LQQSGABLMKPG 


32 


FRW 


NM 


NM 


NM 


Lyso 20 


BiotrSp<3KATFTADTSSS 


35 


FRW 


NM 


NM 


NM 


Btot-Sp-Angiotensinll 


ND 


IRREU 


NM 


NM 


NM 




Btot-Sp-GAD-peptide 


ND 


IRREL. 


NM 


NM 


NM 



" The color intensities of the spots were measured after incubation of the membrane with biotinylated lysosyme at 0.1 /ig^mL ND, not determined. 
* NM, not measurable. 



sozyrae (31). The kinetics of binding were characterized by 
rapid dissociation rates, probably due to a small number of 
interactions between the peptide and the antigen. To improve 
the binding capacity of sudi peptides derived from antibody 
sequences, it is suggested that cyclization could be useful in 
locking an active conformer (14, 32). Four peptides thai were 
active in the Spot assay did not give meastirable affinities in 
the BIAcore analysis, indicating that detection of antigen bind- 
ing could be facilitated by the high density of peptides at the 
surface of the paper (about 3-11 mnol/mm*; Ref. 16), which is 
not the case in the BIAcore format where the peptide density is 
as low as 10 fmol/mm^. 

The identification of short amino acid sequences recognized 
by peptide/protein antigens may have important applications 
for the screening of bioactive peptides based upon antibody 
sequences (11) in the current trend to redefine the niinimal 
antigen-binding fragment (33) with the intention of preparing 
miniantibodies (34). Our systematic approach provides a way 
to select, on an experimental basis, peptide sequences with 
antigen binding activity. The results indicate that such se- 
quences do not always correspond to peptides containing only 
CDR residues; in fact, residues from the framework were here 
found to play a critical role in the activity of CDR-based pep- 
tides, extending previous observations (13). Several residues 
that were found to contribute to peptide-lysozyme interaction 
were not residues located at the paratope-epitope interface 
defined by x-ray crystallography. They were mainly aromatic 
residues, suggesting that this type of residue plays a particular 
role in the efficiency of the interaction mechanisms. The role of 
tyrosine or phenylalanine residues in increasing the binding 
properties of cyclic peptides based on a CDR-like sequence of 
the CD4 molecule has been noticed (14, 15). 

The identification of residues contributing to the binding of 
the antigen to peptides was performed in the HyH£L-6 anti- 
body model for which detailed three^mensional information 
on the interface between the antibody paratope and the anti- 
genic protein is available (6, 23). Our identification was made 
in a blind manner and further compared with the results of 



x-ray crystallography. 22 of the residues determined as impor- 
tant in peptides for binding biotinylated lysozyme belonged to 
the set of 32 residues in contact with the antigen or buried in 
the paratope-epitope interface (6, 23), indicating that the bind- 
ing that was observed with short peptides was consistent with 
the binding of the antigen to the whole antibody. The capacity 
of the method we used here to pinpoint residues potentially 
involved in the antigen-antibody interface could be valuable for 
the design of experiments aimed at mutating antibody-binding 
sites; in this context, not knowing exactly whether residues 
identified as important play a structural or functional role 
would not be detrimental. We suggest that peptide analysis 
cozjugated ^vith powerful binding site topography prediction 
methods (3d, 36) coxild be a valuable strategy for antibody 
engineering. 
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